Chapter 6
Lorentz Spaces

Abstract The spaces considered in the previous chapters are one-parameter depen-
dent. We now study the so-called Lorentz spaces which are a scale of function spaces
which depend now on two parameters. Our first task therefore will be to define the
Lorentz spaces and derive some of their properties, like completeness, separability,
normability, duality among other topics, e.g., Holder’s type inequality, Lorentz se-
quence spaces, and the spaces Lexp and Llog L, which were introduced by Zygmund
and Titchmarsh.

6.1 Lorentz Spaces

We start to recall that, by Remark 4.14, we can calculate the Lebesgue norm of a
function using the notion of nonincreasing rearrangement in the following way

r . r 1, pdr
Jirwraw = [ rora= [ (tro)' S
Rr 0 0
Using the right-hand side representation we can try to replace the power p by g to

obtain some kind of generalization. It turns out that this indeed will produce a new
scale of function spaces which have the Lebesgue spaces as a special case.

Definition 6.1. Let (X, <7, 1) be a measure space. For any f € §(X, <) and any
two extended real numbers p and g in the set [1,eo] put
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- 1/q
Lo\t

[(rrrw)E] a<e
Hf | L(p,q)H = Hf”(p,,,) = 0 (6.1)

supt!/P f¥(t), q = co.

t>0

The functionals || - [|(,,) are thus extended nonnegative valued functions on
F(X,47) and the Lorentz space will be defined in terms of these functions just as
the Lebesgue spaces were defined in terms of the functional || - || .. @

In view of Remark 4.14 (ii), it is obvious that

1A 1p = 1oy (6.2)

for any function f € F(X, o) and any p € [1,0) and this equality also holds for
p = co. An easy calculation, using the fact that

24 (1) = Xpouay (@),

will show that

p 1/q 1/p
() (u(A)) 1< pg<e
q
oo, p:oc,q<oo
24l ) = U
<H(A)) ; 1<p<oo,g=oo
1, pP=q=rc°,

for any set A € 7 for which 0 < f(A) < eo.

‘We are now in conditions to introduce the Lorentz spaces

Definition 6.2. For any measure space (X,.</,1t) and any two extended real num-
bers p and ¢ in the interval [0, ] the set

Lo (X, o, pt) = {f eFX, ) : | fllpg < w},

is called the pre-Lorentz spaces associated with (X, o7, 1L). @

The space L, ;) (X, o7, u) with 1 < g < e and p = o will not be of any interest.
In fact, if f is a function in F(X,.</) with the property that || f||(.4) < oo for some
g € [1,0), then

Jrors = [irorg=ror [ §
0

0 0
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since f*(t) > f*(s) whenever 0 <t < s and therefore f*(s) = 0 for all s > 0. Thus
f =0 p-ae. by (6.2). For this reason we have L, , (X, /,u) = {0} for every
0<g<oo.

Theorem 6.3 Ler (X,.o/, 1) be a measure space and let p, q and r be three extended
real numbers satisfying 0 < p <ooand 0 < q <r < oo. Then

1 1

(@ |l < (Z) N Fll for any £ € F(X, 7).
(b) L([,m (X, o ,u) C L(PJ‘) (X, o, 10).

Proof. 1t is clearly sufficient to prove (i). Indeed for r = oo, we have

oo

1= [ (27 0)' S

for any s > 0 thus

1

1l = supt2 £(1) < (‘1) 1l 63)
>0 p

On the other hand, if 1 < g < r < o, then

=)

||f||€p,r) _ / (t1/pf*([)>r—q (tl/pf*(t))q$

0

=)

- )
<Ils [ (rrw)' S

0

r

r-q
a\ e
<(2) " ur et

r—q

a\ "
=\ f )
(£) 7 191

by definition of || - ||, ) and (6.3), and this completes the proof of Theorem 6.3. O

A natural interrogation is to ask if the functional || - ||, ) defined in (6.1) is a
norm on L, ;) (X,27, ). The following result gives us some light on this regard.

Theorem 6.4. If (X, </, 1) is a measure space and if p € [1,00]. Then

(@) f + 8l <27 (||f||<p,q> T ||g||<,,,q>) for any two functions f, g € F(X, /).
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(b) Ly (X, 97, 1) is a vector space.

(c) If f is a function in F(X, <), then ||| (4 = 0 if and only if f =0 p-a.e.

Proof. (a) Assume that f and g are two functions in §(X, /). The particular case
of theorem1.2.3 implies that

1+ 8l (pe) = Sugtl/p(erg)*(t)
1>

< suptl/p {f*(t/Z) +g*(l/2)}

t>0
< 21/"(||f||<p,m> n |g||<p.,m>)

and, if g < oo, that

1/q

("rrrer@)' S

||f+g||(p,q) = P

St~

1/q
dr

e(ramreum)] g

IN
O\g

By Minkowski’s inequality we have

1/q

[ ‘ldt r v qdr
1f+8llpg) / 1/pf t/2 — + / 1/P t/2 =
0 0

1/q

oo

r q dr ¢ dr
:21/[7 / I/Pf t + / (tl/l’g*(t)> 7
0

0

:21/"<|f||<p,q>+ g||<p,q>).

(b) Item (a) implies that if f and g belong to L, ;) (X, <7, 1), then so does f +g.
Since it is easy to see that ||cf]|(,q = ||| fl(pq for any ¢ € R and any
f €38(X, ) this shows that L, ;) (X, <7, 1) is a vector space.

(c) Suppose that || f||(,4) = O, then
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JHECOR

hence f*(s) = 0 for all s > 0, from this and Remark 4.14 (ii) we have [ |f|du =
b'e

J f*(s)ds = 0 which implies f =0 u-a.e.
0
O

Part (a) of this theorem leaves unanswered the question of whether || - ||, is a
norm on Ly, ,(X,.o7, u). It turns out that || - |[(, 4 is a norm on Ly, ;) (X,.o7, ) if
1 < g < p < oo (see corollary 6.8). Next we will see that, in general || - [|,,4) is not a
norm but equivalent to one if 1 < p < g < oo,

Theorem 6.5. Let (X, .o/, 1) be a nonatomic measure space. Then
I llpg * Lipg) (X, 7, ) = RT

is not a norm for:

(@) 1< p<g<eoe

(b)0<p<1,0< g<on,

(c)0<p<1<g<oo,

Proof. (a) We start with the case when 1 < p < g < oo. Take
f(x) = (1+€) x0,a+m (*) + Xlathat2n (%),

and
g(x) = X0, (x) + (14 &) Xfatha+2n (%),
where a, h, € > 0. It is easy to see that f*(f) = g*(t) = f(x) and since

(f+8)(t) = (242€) x04(t) + (24 &) Xfa,ar2m (1),

it follows that we can evaluate the norm of f, g and f + g by

p
11y = Nl =2 |1 €091+ a7 (o Ry
and
I+l = 2| @420+ -4 (a4 20— a7} |

respectively. Now, let us assume that the triangle inequality holds, that is
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If+ellpg < NNl pg) + N8l (p.g)-

Then the inequality
(2+2¢)%a?? 4 (24€)? ((a +2h)4/P — aq/p)
<2 ((1 +&)!(a+h)"? + (a+2h)4P — (a+h)q/1’),

holds and it can be written as

(a+ 2077 — (- hyr < U o . ;/él)f 2 (<a -yl —aq/”> .

Taking € — 0, we obtain that
(a+2h)"P +a?? <2(a+h)VP. (6.4)

If we define a function f as

X

f(x):/t%“dt,

0

then we can rewrite inequality (6.4) as
fla+2h)+ f(a) <2f(a+h),

which implies, together with the fact that f is continuous, that it is a concave
function. By the concavity of f the derivative f'(x) = x7 'must be a decreasing
function, that is, it must be that ¢ < p. This contradicts ¢ > p, and we concluded
that the triangle inequality does not hold. For g = oo, take measurable sets A C

B C X such that y
p
a= —‘U(B) > 1,
K(A)
and p(B\A) < u(A). If we let

f6) = aga(x) + xpax),

and
g(x) = xa(x) +axma(x),
then
() = axjouay (t) + Xua) ue) ()
and

8" (1) = ayjoum\a) () + Xum\a)um) (1)
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(b)

©

Thus

11y = (a(0)) " (0i8)) ") = ()"
el =max (o) () ") = (i) "

and since f(x) +g(x) = (a+ 1)z, we have || f +g||(p.«) = (a+1)x5.
Then

1/p
1+ gl = @+ 1) (u(B))

> 2<,u(B)) "

= [[fll(p) + 1l (poe) s

which shows that the triangle inequality does not hold. Hence the proof of the
first case is complete.
Let 0 < p,g < o and A, B be two measurable sets such that ANB # 0.

Then
p 1/q 1/p
124+ x8ll(p.q) = (q) (u(A)+u(B)> 7

i+l = () (o] + fues]”)

The triangle inequality gives

(u(A)m(B))l/p < @]+ [um) ",

and it fails forany 0 < g < = if 0 < p < 1.
If g = o, we get the same norms.
Let 0 < p <eoand 0 < g < 1. Define

and

2if0<x<27?

fx) =

0 otherwise,

and
4if0<x <272
g(x) =
0 otherwise.

Then
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1/q
p
1l = gl e = (q) ,

6if0<x< 272

and since

f(x)+g(x) =
2if272P < x < 2P,

the decreasing rearrangement of f+ g is equal to f + g, i.e., (f+g) = f+g.

Thus
p 1/q sy | 1/q
|‘f+gH(p,q) = <q> (2 42 q) .

Assume that the triangle inequality holds. Then
2272 4 1m0 < 04,
which can be written as
4<21(2% -2) < 2(2* -2) = 4.

Hence, we have a contradiction and the assumption that the triangle inequality
holds is wrong. This proves the third case. a

The following result gives us a characterization of L, ;) (X, .27, i) in terms of the
distribution function.

Theorem 6.6. Let (X,7, 1) be a O-finite measure space. For 0 < p < oo and 0 <
q < oo we have the identity

- 1/rragn
£l = | [ 2 (2s00) |G
0

Proof. Case g = . For this case let us define

1/q

1/p
C= sup{),pr(k)} ,

A>0
then
ol

Dy(A) < W

Choosing # = ; we have A = AI—C/F, and thus it is clear that

@) :inf{l >0:Df(A) < t} < ;1%'

Hence t'/7 f*(t) < C, for all t > 0, then
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supt'/?f* (1) < C. (6.5)

t>0
On the other hand, given A > 0 choose ¢ satisfying 0 < € < A, Theorem 4.5(b)
yields f*(Ds(A)—€) > A which implies that

ggﬁfWOZ(Dﬂl)f@%f%Dﬂl)*@

> (Dy(A) )7 A

We first let € — 0 and take the supremum over all A > 0 to obtain

==

supt” f*(1) > supA (Ds(1))
>0 A>0

—sup {A"D;(A)}7 .
A>0

(6.6)

Combining (6.5) and (6.6) we obtain
| 1/p
1l =sup ) =sup { 27D, }
t>0 A>0

Case 0 < g < oo. In this case we use Theorem 4.5(b) and the Fubini theorem,
indeed

oo

I = [ (#rr0)'

0

0/ (f*(t)) tr Ve

()
/ql‘rldl tr ' dt
0

Il
St~

/qlqilx{/l>0:f*(r)>l}(A)dl tr " dt

0

I
St~

=)

:/ /qlqilt%ilxhzo;l)f(l)w}(l)dl dA
0

:/q,lq*1 /t%*lx (t)dr | dA
0 o)
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Finally

17 =" | |
0

The following result together with Theorem 6.12 (Hardy) will help us to prove
the triangle inequality for || - ||, ¢)-

a

Theorem 6.7. Suppose that (X, o/, 1) is a nonatomic 6—finite measure space, that
p and q are two numbers satisfying 1 < g < p < co. In addition, let q' be the conju-
gate exponent to q and let T be the set of nonnegative-value nonincreasing function
on [0,00). If h is any function in L, 4 (X, </, It), then

oo

11
2l (p.q) = sup /h*(t)tﬁ tk(t)dt :k€Fo and k|, =1
0

Proof. By Holder inequality we have

1/q

oo - /a
/h* dr < / l/ph* ))qit | /(k(t))q/dt ,
0 0

0

then

sup /h )k ke and K, =1 < [hlpg.  67)
0
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q—1
Now, letk(t) =c¢ {t SR (t)} , clearly k is a nonnegative valued non-decreasing
function on [0, ) and

~ /¢
l//
J (ko) o | =l
0
aking ¢ = 5, we obtain K], =1

—1

On the other hand, since k(1) = ¢ {t%ﬁh* (t)} " we have

~1
t%‘%h*(t)k(z):c[tﬁ‘lh*(t)}q ,
then m
e N L1
[ @Sk = bl ),
0
therefore
Il / Gk ke and K], =1 6.8)
0
Finally by (6.6) and (6.7) the result follows. ad

Corollary 6.8 Let (X, .o/, 1) be a 6 —finite measure space. Suppose 1 < g < p < oo
with ¢’ = ~15 and that f and g are two functions in L, 4 (X .2/, ). Then
q :

1+ &l < 1l p.g) + gl (p.ap- (6.9)

Proof. The hypothesis ¢ < p implies that T decreasing, hence t%ﬁk(t) is
decreasing. We may apply Theorem 4.19 and Holder’s inequality to obtain

Jal
0

tr 0 (g) (1)k(r) dr

v\'—
u\—

t

S (f+g) (k) de < [ () (0)k(r) de +

0\8
Eo\g

F; q dt
< / (@) | Ikl
0

1/q

I / l/p* — ||k||Lq'<0-m>
0
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= A llpa) + gl p.ap-

Since |[k||r,,,.., = 1, this together with Theorem 6.6 establishes (6.9). O
The following result is a Holder’s type inequality.

Theorem 6.9. Let (X, ./, L) be a measure space, let p and q be two extended
real numbers in [1,00] and let p' and ¢ be their conjugate exponents. If f €
Lo (X, o, u) and g € Ly (X, 9/, 1), then

Hfg”l < ”f”(p,q)”g”(p’,q’)‘

Proof. By Theorem 4.15 and Holder’s inequality we have

/Ifg\du S]f*(r)g (t)dr
e

oo

jery) (jfee
0

0

g*<r>) ar

1/q'

IA

= 11l o 181l (7.0

6.2 Normability

One can associate the so-called Lorentz spaces with the pre-Lorentz spaces. In order
to do that let us define a relation ~ on L, (X, <7, ) as follows:

f~g ifandonlyif f=g u-—ae

It is not hard to prove that ~ is an equivalence relation. Let us write
n={ecsa) r=¢ u-ac}
for each function f € (X, <) and

L(pA,q)(XaJZ{a.u) = {[ﬁ :fEL(p,q)(XabQ{a.u)}'
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It was stated in Theorem 6.4 (c) and Corollary 6.8 that || - [[(,,) is norm on
| DY (X, 47, ) provided that 1 < g < p < o but, in general it is not a norm for the
remaining case. The reason for this is that the nonincreasing rearrangement opera-
tor is not sub-additive in the sense that, in general, the inequality (f +g)* < f*+g*
does not hold for any two measurable functions f and g. This means that one should
not expect to be able to define a norm in terms of the nonincreasing rearrangement
operator since the triangle inequality is not likely to be satisfied. The aim of the
present section is to define an operator that is related to the nonincreasing rear-
rangement operator and that is sub-additive and which for p > 1, defines a norm on
Lipq (X, o7, 1u) equivalent to || - || 4)-

One can use the maximal function (see Definition 4.24) of f in place of f* to
define another two parameter family of functions on F(X,.</).

Definition 6.10. For 1 < p < e and 1 < g < o, the Lorentz spaces L, q) (X, </, i)
is defined as

L(,,,q)(X,JZ{,‘u) = {fES(X,JZ{) : ||f||pq <°°}

where || - || 4 is defined by

1/q
9dt
(tl/”f**(l)> t> y 1< p<oo, 1 <g<en

N
S—3

£ Log|| = I£1L,, = (6.10)

supt!/P f*4(¢), 1< p<oo,g=cs.
>0

@

Remark 6.11. If (X,/,11) is a nonatomic measure space, it follows from Re-
mark 4.18 that

t

t t
[reorwas [rowt [oa 6.11)
0 0 0
where t = U (E) for E € o/. Now, using Definition 4.24 and (6.11) we have

t

(e 0= [+ ()as

0
1 / 1 /

<— [ ff(s)ds+— | g'(s)ds
t()/ IO/

=70 +87 ),

that is
(f+g) (1) < f(1)+g" (1) (6.12)
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for any two function f,g € §(X, ).

The sub-additivity of the maximal operator (6.12) means that if the set

{rescan: <=}

is a vector space, then || - || »; is @ norm on this spaces.

Now this spaces turns out to be identical to L, ) (X,<7, 1) provided that p > 1
(see Theorem 6.6) and these spaces are therefore normed space. On the other hand,
justas f** tends to be a more complicated function than f*, the quantity || f|| ,, tends
to be more difficult to work with than || f|(, ). For example, if A is a set in <7 for
which 0 < (A) < eo, then

1/p >\ 1/
[u(A)} (q<,‘,’,1>) ,1<g<on, 1<p<e
oo, p:]’q<oo
[l2all,y = q = p=coq<eo (6.13)
1/p
(N(A)) ; 1<p<oo,g=oco
1, p=q=-ce.

For fixed p and ¢ in [1,e] there are several inequalities relating the functions
|- ll(p.q) and [|.][ o4 and the key to deducing them is the following integral inequality
due to Hardy.

The following integral inequality comes in different shapes; we will use the one
given below since it is the key to deduce inequalities related to the functionals || -

l|(p.q) and ||| pq for fixed p and g in [1,e0].

Theorem 6.12 (G. H. Hardy). If f is a nonnegative "valued-measurable function
on [0,00) and if g and r are two numbers satisfying 1 < g < oo and 0 < r < oo, then

(a) i ] )
/ /f(s)ds e < <z)q/<sf(s)>qsrlds.
0 \o 0
N q

0/ /f(s)ds z”dt<<‘r’)

Proof. (a) If g =1, then by Fubini’s theorem we have

O/ 0/ fls)ds [t 1dr = 0/ / t~ 7 f(s)dtds

(b)

<sf(s)>qs”1 ds.

St~
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/ s lds

0

- (q) / (s(s))5™" " ds.

Now, suppose that ¢ > 1 and let p be the con]ugate exponent of ¢g. Then by
Holder’s inequality with respect to the measure s¢ !ds we have

; q
[rses| = /f “igi
0 . q ; q/p

flroesira) [ faa

0 0

N .
(Zté)q P/ {f(s)rsq*’sfflds
0
q alp | / g ,
= (r) ﬁ/{f(s)} s 7sa 1 ds.
0

By integrating both sides from zero to infinity and using Fubini’s theorem we
have

\M—*

q

IN

Hence



230 6 Lorentz Spaces

0/ O/f(s)ds T 1dt<( ) 0/ 51,

(b) If g = 1 one more time by Fubini’s theorem we have

oo

] /f(s)ds qt“dt:] St”lf(s)dtds
0

t

=

/ sf(s))s™'ds

0

o

Next, let g > 1 and p be its COI’l_] ugate exponent. Then from Holder’s inequality
with respect to the measure s~ ¢ "ds we have

] f(s)ds / Fls)si i ds

\\»—‘

IN
\
~
—

%)
.,

)

M\

+

[
[
[oN
)

—

a
[

_ (Z)Zt; /[sf( )} i lds

By integrating both sides from zero to infinity and using Fubini’s theorem we
obtain

o

] [ 5651 qr”dr < (j’)m
0

t
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Hence

Z /f(s)ds 1" 1dt<< ):/m 1.

We now prove that the norm ||-|| ,, is equivalent with the Lebesgue norm |- ,,
i.e., the diagonal case of Lorentz spaces coincides with the Lebesgue space.

O

Theorem 6.13 If 1 < p < eoand % + é =1, then

p
1Al < 1Lfllpp < ﬁllflhr

Proof. Since f* < f** by Remark 4.14 (ii) we have

||f|”=j[ o) 6149
/oo 1/ﬂf
0
< VP e (1) "4
O/{l l‘} t
= ||prp- (6.15)

On the other hand, the second inequality follows immediately from the definition of
f** and the Hardy’s inequality with r = p — 1, that is,

1/p 1/p

/~1/f al <or 0/°°<f<sw

171l <~ E 151 (6.16)

By (6.16) and (6.15) we obtain

thus
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11y < 1l <~ 1171
p= pp = p—1 P

therefore the two norms are equivalent. O

We also have that the norms |-, ., and [|-|,, are equivalent.

Theorem 6.14 If (X,.<7, 1) is a measure space and if p and q are two extended real
numbers satisfying 1 < p < oo and 1 < g < oo, then

p
17l < 161y < 517

forany f € §(X,o), where ﬁ is to be interpreted as 1 if p = oo.

Proof. Since f* < f**, then

o

11, = [ (77°0)"F

0

o

Jruy

0

= 17154

Next, if g < o and p = oo, then, as was pointed out following Definition 6.2,
either f =0 a.e. or else || f]|(,4) = . and the second inequality is obvious in either
case. If both g and p are finite, by Hardy’s inequality Theorem (6.12) we have

oo

i1, = [ (P 0)"e

0

I
O\Z
~
NS
L
—
~
*
Py
N
o
[y
~|&

I
0\8
~
*
—
A
S~—
(=N
&
~
<k
4
L
&

q
p q
<(525) Wity

And, finally, if g = oo, then

tl/ﬂf**(t):t%*‘/f*(s)ds
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t
= /sl/”f*(s)sfl/”ds

0
t
Stiilnfn(p,q)/sil/pds
0

p
= Ll

for all # > O regardless of whether p is finite or infinite. O

The significance of this theorem is, of course, that for 1 < p < ecand 1 < g < oo
the space L, ) (X, <7, i) could equally well be defined to consist of those functions
f € §(X, o) for which || f]|(,4 < e or for which ||f||,, < . Note that for such
p and g, the Theorem 6.4(c) and (6.12) imply that the function || - || ,; determines a
norm on L, . (X, <7, 10).

The following two lemmas give embedding information regarding Lorentz spaces,
namely they provide some comparison between the spaces L, (X,</,u) and
L(p.r) (X7 ,Q{,,Ll)

Lemma 6.15. Let f € L, ;). Then
1/q
ok q 1/ 1l pg

Proof. Note that

=

from which (6.17) follows. O

1/4
Corollary 6.16 Let f € Ly g). Ther | lipe) < If 1l < (£) " £l

We now show an embedding result in the framework of Lorentz spaces, namely

L(p.q) = L(p,») Whenever g <r.
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Lemma 6.17 (Calderén). If 1 < p < ooand 1 < g <r < e, then

1_1

il < (j,) 1l

Proof. Using Lemma 6.15 we have

Wl = [ (@) ¢

(r0) (rem) e
o) [(2) W] i,
( ()) (p) t/p

);_l (151) 115
)‘]’l (1£110)

IN

Il
St~ ST T3

TR T IR

which ends the proof.

6.3 Completeness

6 Lorentz Spaces

We are now ready to prove completeness which follows, as in the ordinary L, case,

from the Riesz theorem.

Theorem 6.18 (Completeness). The normed space (L ) (X, <, l1), || || pq) is com-

plete (Banach space) for all 0 < p < eo and 0 < g < oo,

Proof. Let { fu}nen be an arbitrary Cauchy sequence in L, ;) (X, <7, it). Then

Hfm_anpq —0 as n,m — oo,

and by Corollary 6.16 we have

q 1/q
”fm *fn”(p,w) < <P> Hfm*anPq —0

as n,m — oo,
Thus
Suptl/p(fm _fn)*(t) = ||fm _an(p,oo) —0

t>0
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as n,m — o,

By Theorem 6.6 (case g = o) we have
1/p "
sup{ 1D, (W)} =supr (£, 1) (1) >0
A>0 >0
as m,n — oo, then
1/p 1/p
sup{ (e X: 10— 10 > 10) | =swp{ 4D @)} 0
A>0 A>0

as m,n — oo, this implies that

i(re X0 - 4] > 4}) 0

as m,n — oo for any A > 0.

We showed that {f, },.cn is a Cauchy sequence in the measure (. We can there-
fore apply F. Riesz’s theorem and conclude that there exists an .2/ -measurable func-
tion f such that f,, converges to f in the measure (. This implies again by a theorem
of F. Riesz that there is a subsequence {f,, }xen of {fy }nen Which converges to f
U-a.e.on X.

Let € > 0 be arbitrary. Since {f; },cn is Cauchy there exists an ny € N such that

an*fm)”ﬁq <& (”>n0)

and f,, — fu, converge to f — f,, 1-a.e. on X.
It follows now by Theorem 4.5 (g) that
(F = fu)"(6) < Bminf(fy, — £u)* (0
for all # > 0. Using the Fatou Lemma we have

(f = fo) ™ (&) < liminf(f,, — f))™ (1)
for all # > 0. One more time by Fatou’s Lemma we have

1/q

o

14
1=t = | | <t1/”(ffno)**(t)) a
0

t
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- 1/q
/( l/f’l1m1nf (foe = Sy (2 ))qit
0
- 1/q
< liminf /(‘/" (fue = fm))**())qc?
0

= li,?lglf”f”*' — fuollpg <€

whenever ny > ng. Since f = (f — fu,) + fu, € L(p.g)(X,.27, ut) and this proves that
L(pq) (X, <, 1) is complete for all 0 < p < eoand 0 < g < eo. O

6.4 Separability

To show that L, ,(X,.27, i) is separable we need to show that the set of all simple
functions is dense in L, ) (X,7, ut). This desirable property means that any func-
tion in L, ,(X,/, 1) can be approximated by a simple function in the norm of
L(P-,‘J) (X,d,,ll)

Theorem 6.19. The set of all simple functions S is dense in L, 4 (X<, 1) for 0 <
p<ooand( < q< oo

Proof. Letg <eoand f € L(, 4 (X, 1) be arbitrary. We can without loss of gener-
ality assume that f is positive, and then there exists a sequence of simple integrable
functions such that 0 <s, < f for all n € N and s,, — f as n — oo. Hence, by Theo-
rem 4.11 we have

(f =s2)"(t) < f7(t/2) +5,(2/2)
<2f7(t/2),

since s7(r/2) < f*(¢/2) for all n € N, and thus, if we apply Lebesgue’s dominated
convergence theorem, and Theorem 6.14 we have

L tim 1 =) = 0.

i — <

Jl_r)?c ”f Sl pg =

Slnce f was arbitrary this shows that S = Lipq (X, 1) that is, S is dense in
pa) (X, 10). O

The separability of L, ;) (X,<7, 1) will now follow by showing that the set S from
the previous theorem is countable and this is the case if and only if the measure is
separable. Before we give the proof of this fact, we state the following definition.
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Definition 6.20. A measure U is separable if there exists a countable family ) of
sets from o7 of finite measure such that for any € > 0 and any set A € .2/ of finite
measure we can find a set B € §) with u(AAB) < €. %)

Theorem 6.21 (Separability). The Lorentz L, . (X, </, 1) space is separable for
0 < p<eoand0 < g < ooifand only if the measure U is separable.

Proof. Assume first that u is a separable measure and let A be any measurable set
with finite measure and € > 0 be arbitrary. Then there exists a countable family
of subsets of X of finite measure and a set B € §) such that

u (AAB) —pu {(A\B) U (B\A)} <e.

It follows that

164 = Xpllpa = /w(tl/p(%A_XB)**(tO -
0

Il
N
=
S |y
| o
—
~_—
=
S
N
=
/N
S
>
oo
~—
S~~~
=
~

= 1/q
<|—F—= gl/r.
(q(p—1)>

Hence, for any characteristic function of any 27-measurable set A of finite mea-
sure we can always find another characteristic function of a set B € §) such that the
norm of the difference between the two functions is as small as we wish.

Let s be a simple function of the following form
m
5=, 045X, ;
j=1
where o¢; > 0 > ... > oy, > 0 and

Aj:{XEXZS()C):OCj}

forall j=1,2,...,m.
We can then define a new simple function
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where B; € ) is chosen such that

e 1/q
AAB) < | —— gl/r
‘U( J J) <q(p_1)>

forall j =1,2,...,m. It follows that

m
Is = s1lpg = H > CiX 4,08,
=1

Pq

5 1/q
<m pi gl/p.
g(p—1)

That is, for any simple function s defined on .o/ -measurable sets A, A,, ..., Ay,
we can always find another simple functions s, defined on sets By,B;,...,By,
where B; € ; j = 1,2,...,m. Since the set of all simple functions is dense in
L(¢) (X, 1) it follows that the set

S=qs=Y o)y B €N o eRm=123,..
=1
is dense in L, ;) (X, <7, 1u).

Moreover, since the countable set

m

So = S= Y, 0y BiEN 0EQm=123,...
j=1

is dense in S, it follows that Sg is dense in Lyq)(X, o/, 1u). Hence L, 4 (X, o/, 1) is
separable.

Now, assume that i is not separable. Then there exists an € > 0 and uncountable
family of sets ) such that for A, B in $

u <AAB> > E.

H={f=X,:A€9}

is uncountable and for f,g € H we have

Thus the set



6.5 Duality 239

||f*ngq = ”XA 7%3”1’51

=1 X assllpa

- <q(;i1)> " (y (AAB)) h

2 1/q
> p el/r,
~\4qlp—-1)

where A # B. Hence, we have an uncountable set H C L, ;) (X, </, 1) such that for

two functions f,g € H, || f — gl| o is not as small as we wish, that is L, ;) (X,.27, i)
is not separable. O

6.5 Duality

We will now take a closer look on the space of all bounded linear functionals on
L(p.q (X, 1) which we will denote by

{L(p,q) (Xa A, ,LL)] .

In the next theorem we collect the duality of Lorentz spaces depending on the
different parameters.

Theorem 6.22. Suppose that (X, </ ,|L) is a nonatomic O-finite measure space.
Then:

(a) (LQ,A’q)(X,Jz{,,u))* ={0}when0<p<1,0<g<eco,

(b) (Lmq)(X,sz,,u) =L.(X,o,u)when p=1,0<g<1,
Lo (X, o, 10) * ={0}whenp=1,1<g <o
Lo (X, 1)) # {0} when p =1, g ===

) =Ly o) (X, , 1) when 1 < p <eo, 0<g<1,
Lo (X, o, 10) ) =Ly )X,/ ,11) when 1 < p <o, 1 <g< oo
Lipqg(X, <, 1) ) # {0} when 1 < p < oo, g =00,

L(pﬁq)(XaJZ{a.u) # {0} when p = q = oo,

A N U W - U g
*

(
(
(e) (Lmq) (X, 1)
(
(
(
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Proof. Since X is o-finite, we have that X = |J X, where X, is an increasing se-
n=1

quence of sets with u (X,l) <ooforallne N.Given T € (L(M) (X, o, u)) where

0 < p<oeoand 0 < g < . Let us define 6(E) :T(XE) forall E € &7/
Next, we like to show that:

(i) o defines a signed measure on X, and
(i)
14 1/p
oE) < (2) (u@) Tl when <
and y
p
o(E) < IT)| (u(B)) " for g=ce.
(i) Note that
o(0) =T (1) =T(0)=0

Since T is a linear functional. On the other hand, let {E, },en € &7 such that
E,NE, =0if n # m. Then

(ii) Observe that

o(B)| = |7 (2| < el I (6.18)
for g < oo, and
- 1/q
Lo\ dr
el = | [ (7z0) S
0
- 1/q
= /(tl/l’x t )th
(O,u(E>> t
0
u(E) /a




6.5 Duality 241

)

for g < oo,
If g = oo, then

t>0

1/p
|26y = supt' " 7 (6) = suprl/Px( O [u (E)} :
>0 O,u(E))

thus
1/p
o(E)| < || (u(E)) ,
for g = eo.

Once we proved (i) and (ii) we easily see that ¢ is absolutely continuous with
respect to the measure . By Radon-Nikodym theorem, there exists a complex-

valued measurable function g (which satisfies [ |g|du < e for all n) such that
X

O(E) =T (xz) = / lgle du, (6.20)
X

Linearity implies that (6.20) holds for any simple function on X. The continuity
of T and the density of the simple functions on L, ;) (X,27, 1) (When g < o) give

T(f)= [ lefldu, (6.21)
/

for every f € L, (X, <, 1t). We now examine each case (a), (e), (f) separately, for
the remaining cases see Grafakos [22] and the reference therein.

(a) We first consider the case 0 < p < 1. Let f =3, a, g, be a simple function
on X (take f to be countably simple when g = o). If X is nonatomic, we can split
eachE, as E, = U_’;’Zl E;,, where E;, are disjoint sets and y(E;,) = %

Let f; =3, a, XEj» then

1 llp) = /M(t””(;anmn)*(’))qcy
0

1/q
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=N X (5) " (w(Em) ””

([ (o) o)

1/q

o

dt

t
0

=N fill (-

Thus || £l pg) = N~7 | £l () Now, if T € (L(M) (X, o, u)) ,it follows that

I7(1)]

—_
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IA
M=
=
=

~.
Il
—_

Tl p.0)

~
Il

A
M=

N
=TI 2 £l o)
j=1

Tl p.g)-

Let N — oo and use that p < 1 to obtain that 7 = 0.

1—L
:N I’|

(e) We now take up case p > 1 and 0 < g < 1. By Theorem 4.15 and Theorem 6.3
we see that if g € L,y .. (X, o7, 1), then

oo

[seau) < [1orwirg o]
X

0

< N llpyl1gll o)

1

1g
q q

S _ f X g /,0) 3
(p) 1Al 8l

from which we have

11
q q
7] < (p) ¢l 622)

Conversely, suppose that T’ € (L(p,q) (X, 4, /,L)) when 1l < p<ecand0<g<1.
Let g satisfy (6.21). Taking f = g|g| ™' x{|¢/>2} then

/fgduz /gglgl‘ldu
X {lg/>2}

= / lgl*(g] " du
!

- / gl du,
{lg|l>A}

and

lu({lg|>l}> < | [ secu| < 1T 6.23)
X
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Since
If1 = 13llgl ™ Xiei=2) = Xi1gl>2)»
hence
ro=Ifre=x
(O-A({\gbl}))
thus
- 1/q
_ 1p o qdt
Wl = | [ (771 0)'
0
- 1/q
q
(07u({\g|>l})) !

— o

u {Ig\>/1}>

= / trdr

0

- (‘q’)/ (1 (01> x}))w.

Now, back to (6.22) we have

i1 1/p
q q
wu(tlel> 1) < (£)" i (m(ts>21) )
1/p q 51/71
A > A <= T
u(tg=2)| < (4)" i
1/p' g 5—1
A(ng) s() Iz
p
-1
supt 7 g*(1) < (q) 7]
>0 )4
g\
el < (2)" 0 (624)
p
Finally by (6.22) and (6.24) we have
lellore ~ 7

(6) Using Theorem 4.15 and Holder’s inequality, we obtain
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£ = X/ fedu

/ O g ()

t
0
<Iflpa el .q-

Hence T is bounded and if we take the supremum on both sides over all functions
f with norm 1 we have
1T < ligllp.q)- (6.25)

Thus, for every g in L,y ;) we can find a linear bounded functional on the space
L(pﬁq) (Xa%vﬂ)

Conversely, let T be in [L(p-,q) (X, o, [J)} . Note that T is given by integration

against a locally integrable function g. It remains to prove that g € L,y ) (X,.7, ).
Using Theorem 4.26 for all f in L(, (X, </, 1) we have

=

[ 0g 0a=sw| [ rzau| <17
X

0

where the supremum is taken over all <7-measurable functions g equimeasurables
with g. Next, by Theorem 4.29 there exists a measurable function on X such that

/
q

q—1
where h(s) = s7 ! (g* (s)) . Then by Theorem 6.12 (b) with r = p

A1, = / (7 w)' Y
- - q
:/ /h(s)g trtdr
S
0 \¢/2

oo

q
:2‘1/”/ /h(s)% ur ' du
0

u
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2rg\? [,
() oy
P
0
_ (21/"q>q/u7, H@fq(g*(u))q(q/fl)du
P
0
21/17 q 7 '
(54 [ )
P
0
(21/1;q>q] P 4 du
- (g w)"
P
0
= (27 e
o p 8ll(p a1y

thus

2V/rg ,
< (22 ) 160V

On the other hand, we have

j Fg 0= / / e 0) e

0 0 ¢/2
oo oo t
> [ () [ a [ o) |
0 1/2 0 1/2
= q,p/p/(1—2‘?5) O/th)/,l(g*(t)) w
= (127 ) el

Combining (6.26) and (6.27) we obtain

1/q
/

q-p
lgllpqy < YA
p(1-2"7)

Finally by (6.25) and (6.28) we have the required conclusion.

I]]-

Theorem 6.23 (Duality). Let 1 < p<ocand1 <g<eoorp=qg=1.
of all bounded linear functionals on L, q ) (X, o7, 10), denoted by
is isomorphic to Ly 4\(X, %/, 1) where 1 >+ ? =1and} T ? =

6 Lorentz Spaces

(6.26)

6.27)

(6.28)

O

Then the space
pa) (X, 1)
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Proof. If p = g then we have that L, ,) (X, .2/, uu) = L,(X, o/, i) which is isomor-
phicto Ly(X, .o, u) forall 1 < p < eo.
Thus, we need to only consider the case when 1 < p < e, 1 < g < oo and p # q. To

prove that [L(p,q) (X, u)} is isomorphic to L, ) (X,.27, ) we must show that

for each element in L,y (X, </, i) there exists a unique corresponding element in
*

[L(M) (X, o, [J)] and vice versa.

We start with the case when 1 < p,g < oo, p#¢q. Let g € Ly y(X, o/, 1) be
arbitrary and define the functional T as

=!mw,

forall f € L, 4 (X, 27, u). By Theorem 4.15 and Holder’s inequality we get that

)| =
Tf\]!mw]
< [ 1relau

/ d
g/wvwwwwm{

0
- - /¢
< /(rl/l’f**(t)yg / l/p = ( th
t l
0 0
= 1/ 1lpqll8llg-

Hence, T is bounded and if we take the supremum on both sides over all functions
f with norm 1 we have that

171 < llgllpg-

If 1 < p <eoand g=1 we can use that

r , o/ d
/fl/”f**(f)fl/"g**(f)l < /fl/"f**(t) (Supsl/pg**(5)> a4

t s>0 t
0 0
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to obtain that
171 < llgll pree-

Hence, for all functions in L, ,)(X,</,u) we can find a linear bounded func-

tional on L, (X, <7, i), that is an element in {L(p,q) (X,47,u)| .In Theorem 6.22
we showed that

o(E) =T (xx)

is absolutely continuous with respect to (t and by Radon-Nikodym theorem there
exists a unique function g € Ly (X,.7, 1) = Ly 1)(X, </, 1) such that

o(E) :T(xE) :/ngdu-

X

By the linearity of the integral and density of simple functions it follows that

1) = [ sfau

X

forall f € L, (X, o, 1).

Once again, by Theorem 4.29 there exists a measurable function f on X such that

fﬂnzjmw“,

N
t/2

/ q’71
where h(s) = 57 (g* (s))
Then by Theorem and Theorem 6.12 with » = p we have

q
p
1£11%, < <p_1||f|(p.,q))
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21/pq>q r a_q q
< ( /uF_ (h(u)) du
- —1
P 0
Zl/pq>q] a_jy9 g q(q=1)
= ur g*(u)) du
= (
21/Pq>q] 4 q
= uv g*(u)) du
= (
= (21/pq>q/w(upl’g*(u))q dl
—1
P 0
q
= (229) jap,
T \p-1 8llip.q)

thus .
2l/rg ,
|vmqs<p_l Igl?)5,.

On the other hand, using the definition of the norm of 7 and Theorem 4.23 we
have

Zﬁomwnm

T(f)
IT]l= sup Tl _ —
f€Lpq) Hf”pq SE€Lq) ||f||pq

thus

o

/f*(t)g*(t)dt < AT pg-
0

Now, observe that
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/ i - ’ q’
) [ ew)
0
14 1-4 :
=L (1-2"7) gl

p ( 14)(1 )
2 1—2 P — g ol
q/_p/ p” HP’J

[
[

L],

Finally we have

/

q
gl )
p rPq / /
( Po(1=2"7) <)

Ifllpg  d—p

41’—%’
Cllglly," <71l
Cligllyg <171,

q., / ,
c— (L)1l _r_ (1—21*77).
p) 2Y/rq\q —p'

This shows that ||g||,y, < e and thus g € L,y ,)(X, </, 1t). Also we have that

where

Cligllpy < ITIl < llgllyq

*

hence L(p"

2 and L,y 4 are isomorphic for 1 < g < p < . ad

6.6 L+ L., Space

We now introduce a space based upon the concept of sum space.

Definition 6.24. Let (X, o7, 1) be a o-finite measure space. The space L; + L.. con-
sists of all functions f € §F(X, <) that are representable as a sum f = g+ h of
functions g € Ly and h € L... For each f € L; + L., let

Ifle,or = inf {lell, +lall }- (6.29)

where the infimum is taken over all representations f = g+ h, where g € L; and
h € L. @

The next result provides an analogous description of the norm in L; + L.

Theorem 6.25. Let (X,<7, L) be a G-finite measure space and suppose f belongs
to §(X, ). Then
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t

int {lgll, il } = [ 705 =170, (630)

0

forallt > 0.

Proof. Fort > 0 denote
o= inf {lgll, +I1l._}.
Next, we like to show that

/ﬁ®m§m. 6.31)
0

We may assume that f belongs to L; 4 L... Since, otherwise the infimum ¢ is infinite
and there is nothing to prove. In this case f may be expressed as a sum f =g+ h
with g € L; and h € L... The sub-additivity of f** (see (6.12)) gives

/[f*(s)dSZ/t(ngh)*(S)dSS/lg*(s)dS-F/th*(S)d&
0 0 0 0

Since A*(s) < h*(0) for s > 0, we have

t o
[rows [ w+/m ®—/kWHﬂWL%MMHML~
0 0

Taking the infimum over all possible representations f = g 4 h, we obtain

/ﬁ@méw. (6.32)
0

For the reverse inequality of (6.32) it sufﬁces to construct functions g € L; and

h € L., such that f = g+ h and assume that ff* ) ds.co.

Let E = {x € X :|f(x)| > f*(r)} and u(E) = to. Since D(f*(t)) <1, then 1y =
W(E)=D¢(f*(t)) <t,thus 1o <t, then by the Hardy-Littlewood inequality we have

va:Jﬂmw

g/f@mewm
0
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< [ fi(s)ds <o,
/

thus f is integrable over E. Now, let us define

g(x) =max {|f(x)| — f"(r),0} sgn f(x)

and
h(x) = max {|f(x)], /(1) } sgn f (x).

The L; norm of g can be calculated as

mmzfmw:/mw+/mw.
X E EB

Note that the second integral is null on £ € and so

mmzfmw
E

— [l [ au

= [Vldim=ns @)
< [ Iftldu <

thus g belongs to L;. Next, observe that

u({xex: > r0)})

6 Lorentz Spaces

=pu ({er s A(x)] >f*(t)}) +u ({erC s h(x)] >f*(t)})

—u ({xe E:f (1) > f*(t)}) U ({x cES: |f(x)] > f*(t)})
0

since the sets in the penultimate equality are the empty set, therefore
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|2l :inf{M >0:p ({xex sh(x)] > M}) :o} = (1),

hence / belongs to L...
On the other hand, observe that

8(x) +h(x)
= max {|/(x)| = f"(1),0} sgn f(x) + min {|f(x)|, /*(s) } sgn f (x)
{ f @)= @)+ 17 @) if [f()] > ()

0+ 1/ () if 1F ) < (1)
— @),
Since
lell, = [ leld = [ 1rlan =t 0 < [ )5 —10s0)
/ ! /
and thus

fo
Imm+mwm§/ﬁ@MH4MM—mﬁ®

0
< [ fr(s)ds+(t—10)f (1)
/

=!ﬁmw+zf@m

S!ﬁ®®+!ﬁ®®

—j.f*(s)ds
0

which entails
t

o < /f*(s) ds. (6.33)
0
Combining (6.31) and (6.33) we have
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t

[rwas= it {lel, +elnl.}

0

and
t

0= [ £ 6)ds = int {lgll, +lh.}.

0

Note that we can calculate the L; + L.. norm of a function via:

= inf Jlly, 1A} =151

and
1

/fwm:whﬂ,
0

We now introduce the notion of maximal function f — M f, which will be studied
in more detail in Chapter 9.

Definition 6.26. Let f € L, ;,.(R"). The Hardy-Littlewood maximal function is de-

fined as |
Mr = s — [ 1)l (634
0<r<ee m(B(x, r))
B(x,r)
where B(x,r) = {y ER":|ly—x| < r} is an open ball in R”. @

With the notion of maximal function at hand, we now prove that the maximal
function given in (4.17) and the new one given in (6.34) are related in the following

sense.

Theorem 6.27. There exists a constant ¢ depending only on n, such that
(Mf) () Sef™ (1)

for every locally integrable function f on R".

Proof. Fix t > 0. For the left-hand side inequality we may suppose f™(t) < oo,
otherwise there is nothing to prove. In this case by Theorem 6.25, given € > O there
are functions g; € L; and h; € L., such that f = g; + h, and

gzl +2llbrll. <tf™() +e, (6.35)

then by Theorem 7.29 and Theorem 3.38, for any s > 0



6.7 Lexp and LlogL Spaces 255
% S S
(M) (5) < (Mg)" ( 5 ) + ()" ( 5
C C
< Zllgill, +lml = = (e, +slill. ) -

O

Theorem 6.28 (Hardy-Littlewood inequality). Let 1 < p < oo and suppose that
feL,(R"). Then Mf € L,(R") and

1M1, < cllfIl,
where c is a constant depending only on p and n

We wish to point out that using the rearrangement (6.30) a proof of Theorem 6.28
can be obtained directly and without using any covering technique.

Proof (Proof of Theorem 6.28). If f € L..(R"), by Theorem
IMfl, = sup(Mf)"(t) < csup f(t) < fll,._-
t>0 t>0
Now, if f € L,(R") with 1 < p < e then one more time by Theorem 6.27 we have
1
P

sl = | [y @y | <el [15[ree)| a
0 0 0

P

Lo Jewra | =L,
0

<
p

6.7 Lexp and LlogL Spaces

We now introduce another function spaces.

Definition 6.29. The Zygmund space Lexp consists of all f € F(X,«”) for which
there is a constant o = o¢(f) such that

/ exp (0| f(x)]) dp(x) < oo (6.36)

E

for all E € «/. The Zygmund space LlogL consists of all f € F(X, /) for which



256 6 Lorentz Spaces

[ rltog" £l duto) < (637)
X
where log™ x = max {logx,0}. %

The quantities introduced in (6.36) and (6.37) are evidently far from satisfying
the properties of norm.

The expression introduced in the next theorem, defined in terms of the decreasing
rearrangement, will prove more manageable.

Theorem 6.30. Let f € §(X, o) and A € o such that 0 < U(E) < c. Then

u(E)
@ [ 170 hog" 17lau) <= ifandonty it [ (010 () ar <
E 0

(b) /exp (a]f(x)]) di(x) < oo for some constant o = o(f) if and only if there is
E

a constant ¢ = ¢(f) such that

fft)<c (1 +log <”(tE)>>

for0<r<pu(E).

Proof. To this end, we first apply Theorem 4.13 to obtain

/ (0 log* ()| du = / F(0)log” £ ()b,
0

E

H(E)
thus [ f*(r)log" f*(t)dt < e=. On the other hand, note that
0

H(E)

ro<ro=; [ross; [ o= [inau- I,
0 0 E

since log™ x is an increasing function and log% is a decreasing function. On the one
hand, if
H(E)

/ f(t)log (H(f)) dt < oo,

0
then
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(E) u(E) Il

() log* f*(t)dr < / (1) log™ %dt
0

=

o —

min{| 1, .1 (E)}
_ . 171l
= / f(t)log — dr,

0

since log™ @ =log <|ftL‘ ) if 0 <z <||fl,, and O otherwise.
Next,

min{]| (|, 1 (E)} £z,
/ f (1) log (”f[||1‘1> dr < / f(#)log (”ftl“> dr
0 0
u(E) HfHL]
= / + / f(t)log <|ft”Ll> dr
0 u(E)
u(E) W £z, T
1
< /f* g<tL‘>dt—|—|f||Ll / t10g< tL]>dt
0

W(E)
(E)

(t)lo
i f*(t)log<||f||m> o Ml (lognle)z
t 2 uE) )

0

Thus [ |f(x)[log* |f(x)|du < es. On the other hand, if [ |f(x)[log™ |f(x)|dp < oo
E E

we consider the following set

A= IG[O,M(E)]:f*(t)><“(tE))Z and B = [0.p(E)\A.

either of which may be empty. Next, we can write



258 6 Lorentz Spaces

[rom(x2)a- [+ [} rom(22).
0 A B
< 7)f*(t)log(f*(t))2dt+ (u(E))? F:)/(E)té log (“(IE)> dr

(E)
hence f f(0)log ( ) dt < oo. Turning now to the equivalence in (b) we suppose

first that f*(r) < C (1 +log (“@)) for some constant C > 0 with 0 < ¢ < u(E).
Then

(E) W(E)

exp (ot f* (1)) dr < / exp [aC <1+10g (LL(ZE)))] dr
0

= [u(E)]“ [ Cdr.
/

=

o —

W(E)
from which [ exp (o.f*(t)) dr < e for any constant o < 1/C.
0

Conversely, suppose that

W(E)
M= / exp dt < oo,
0

Clearly M > u(E). Since f* is decreasing we have

r)j/ds<§/f*<s>ds
0 0

Then by Jensen’s inequality we have

t

exp (o () <exp | 1 [ar@)as | <1 [ep(ar(s)s
0

t
0
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which entails

)< élog (1\;1) < é <1+10g (%)) (1+1og (u(::"))) )

The proof is now complete. ad

An integration by parts shows that

(E)

W(E)
f*(t)log('u(tE)>dt: /f**(t)dt. (6.38)
0

The latter quantity involving the sub-additive function f — f** satisfies the tri-
angle inequality and so may be used to directly define a norm in LlogL.
On the other hand the expression

=

o —

@) §C<1+log (u(f))) 0<t<u(E) (6.39)

for the space Lexp involve f* rather than the sub-additive f**. This present no prob-
lem, however

=y [rea
0

< g/ (1 +log (“(SE)>> ds (6.40)
0
<2C <l +log <”(tE)>> .

Hence (6.39) (with constant C) implies (6.40) (with constant 2C) and so (6.39)
and (6.40) are equivalent. We use the relation (6.40) to define a norm on Lexp as
follows.

Definition 6.31. Let f € F(X, 7). Set

W(E) (E) W(E)
e = [ rotoe (M )ar= [ o can
0 0
and ( )
ok t
1oy £l g = 5D ! 642)

0<r<u(E) (1 +10g ((E))> .
t
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It follows from Theorem 6.30 and the observation made above that LlogL
and Lexp consist of all function f € §(X,.«7) for which the representative quan-
tities (6.41) and (6.42) are finite. Since f — f** is sub-additive, it is easy to
prove directly that this qualities define norms under which LlogL and Lexp are
rearrangement-invariant Banach spaces. The following result gives a Holder type
inequality.

Theorem 6.32. Let (X, o7, 1) be a G-finite measure space and f € LlogL and g €
Lexp. Then

/|fg‘dﬂ S 2||fHLlogL||g||Lexp
E

forany E € .

Proof. LetE € of and f € LlogL, g € Lexp. Then from Theorem 4.13 and the fact
that f* < f** we have

/ feldy = / el du < / £08" (o) (1) df = / (008" (1) dr
E X 0

(E)

] u(E) (1)
" f()(H—log 4 )l-l—log)dt

w(E)

y E
£ 1+1 g“”)dr 18] exp

| /\

IN
S

<2 / £ | lgl e
0

and the assertion of the theorem holds. O

6.8 Lorentz Sequence Spaces

In this section we will investigate the Lorentz sequence spaces.
For X = N with A = 2", the power set of X and 1 = counting measure, the dis-
tribution function of any complex-valued function a = {a(n)},>; can be written as

Dy(A) =p({neNtla(n)|>1}) (4 =0).
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The decreasing rearrangement a* of a is given as
a’(t)=inf{A >0:D,(1) <t} (t>0).

We can interpret the decreasing rearrangement of a with D,(A) < e, A > 0 as a
sequence {a*(n)} if we define forn— 1<t <n

a*(n)=a*(t) =inf{A >0:D,(A) <n—1} (6.43)

Then the sequence a* = {a*(n)} is obtained by permuting {|a(n)|},cs Where S =
{n :a(n) # 0}, in the decreasing order with a*(n) = 0 for n > u(S) if u(S) <

Definition 6.33. The Lorentz sequence space £, 4, 1 < p<oo, 1 <g< oo, isthe set
of all complex sequences a = {a(n) ) < oo where

1/q
q
s (27_1 (w17 () i) ; I<p<el<g<ee
leltp.g) =

suanInI/pa*(n)7 1 < p<ooqg=oo.
where a* is given in (6.43). @
The Lorentz sequence space £, ), 1 < p < oo, 1 < p < oo, g = oo, is a linear space
and || - [|f, ;) is a quasi-norm. Moreover Lipg 1 < p<oo, 1 < g < oo, is complete
with respect to the quasi-norm || - || (a)

The Lorentz sequence space £, ) and L, ) when X =N, o7 =2 and p({n}) =
1 are equivalent for 0 < p < oo, 0 < g < oo. In fact, if we let a*(n) = f*(¢) for
n—1<t <n, wehave

o= | [ (7r@)"
0

1/q

1/q

n=1

= i [a*(n)}q/t‘m’_ldt

n

and since
n

1 q/p
(2> n?/P=1 < /t"/”_ldt < opt/r-!
n—1
we obtain

n

1\9P = oo o
<2) Z(a qnq/p ! z /,q/p—l dr<2 Z(a* (n))qnq/p—l7
n=1 n=1

n=1
n—
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from which we get

e 1 . 1/q
(3) " (Sowonrs) < <2 ( St

n=1 n=1
thus

1 1/p |
() Naltpg < Wllo < 2lalty g

Observe that the space £(, ;) is not empty when p = 0. For example, all sequences
which only have a finite number of nonzero elements are in E( i) forall 0 < g < oo,
This show that there is a fundamental difference between L. 4) and £(., 4.

The following result will be of great utility in our study, and we include a short
proof for the benefit of the reader.

Theorem 6.34. If a = {a(n) },en and b = {b(n)},en are complex sequences, b €
Lipg) With 1 < p <o, 1 < g <ooand |a(n)| < |b |f0ralln €N, thenac {,,
and |‘a||zp,q) S ||b||qu)

Proof. 1If fa(n)| < ’b(n)| for all n € N, then

{nen:lam|>2}c {nen:|pm]| >},

by the monotonicity of the measure, we have D,(1) < Dj(A) for all A > 0. Thus,
for any m € N, we obtain

{A>0:D,(A) <m—1} C{A>0:Du(A) <m—1}
and hence a*(m) < b*(m). From this last fact, the result follows easily. O

The aim of this section is to present basic results about Lorentz sequence spaces.
The Lorentz sequence space £, ;) is a normed linear space if and only if 1 < g <
p < . Moreover, £, ,) is normable when 1 < p < g < oo, that is there exists a norm
equivalent to || -[[¢, . For the remaining cases {(,4) cannot be equipped with an
equivalent norm.

The normable case for p < g comes up in the following way

- 1/q
(Z (a**(n))qnq/p1> , g <o

n=1

sup{n'/‘”a**(n)}7 g=oo

n>1

llallt,,
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where a** = {a**(n)}, is called the maximal sequence of a* = {a*(n)} and it is
defined as

We now prove that the functionals ||-||* and ||-||* are equivalent.

Theorem 6.35. Let a = {a(n) },>1 be a complex sequence, 1 < p < q < oo then

q
s * p s
el < ol < (525 ) el

Proof. The inequality
||alep,q) S ||aH)(kP q)

is an easy consequence of the fact that
a*(n) <a™(n)

for all n € N. Hence, we just need to show that

q
X p s
”aH(p.q) < <p_ 1) Ha||(17~,‘1)'

In fact, let » = g — 4. Using the fact that the function g(¢) = #"/9~! is decreasing we
apply the Holder inequality to obtain

-
(v
(

)t S ek

IN
HM:
HM:

q/q
ko
1

q/q

talde

IN
M;
o —_

Il
-

Moreover since f(t) =1~ '~ is decreasing and J f(t)dt < o we have
k

k
k
> s < / Fle)de

k—
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from which we get

and

<(2)" Sl (:zlwwq_,k,)
- (4)" S (z )

= (3)%];@*(/«))%‘/”

- (%) Sww

That is \
* 4 s
||aH(P7‘1) S (p_ 1) Ha”(pq)

(]
Note that if {a; }i=12...5 € {(pq), then
N s N *
Sa| <Y a (6.44)
k=1 (p.a) k=1 (p.a)
p &
< (_1) > llaxllfy g (6.45)
p k=1

That is, || - H‘Ep‘q) is a quasi-norm. On the other hand, if (6.44) holds, then || - H‘EP g i
equivalent to a norm, this norm is called decomposition norm and it is defined as

N N
||aHl7‘1 = lnf{z HakHng) ca= Zak} .
k=1 k=1
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The functional || - | ,, is an equivalent normto || - pr g When 1 < p,q < e Moreover

1-llpg = [I-11t5q) if 1 < g < p.

The following result is due to Hardy and Littlewood.

Theorem 6.36. If a = {a(k) }reny and b = {b(k) }ren are complex sequences, then

oo

ih@w@ﬂéZf@WW» (6.46)
k=1

k=1

Proof. Tt will be enough to show (6.46) for nonnegative sequences. For n € N
fixed, we set E = {1,2,---,n}. Let us consider c¢(1),c(2),---,c(m) the different
elements of the set {a(k): k € E}. Then it is clear that m < n = p(E). Thus, for
j€{1,2,--- ,m} we can define the sets

F;= {keE:a(k) :C(j)}

Note that the sets F; are pairwise disjoint and U7., F; = E. Observe that
> alk) =3 c(Hu(F). (6.47)

Furthermore, for any k € E there exists an unique j; € {1,2,--- ,m} such thatk € F;,
and therefore

- ilcum (®)
then ,
2 c\J 7([1 w(F )

j=1
Therefore from (6.47), we have

m

2 alk) =3 c()n(F)

keE =1

m . U(E)

<D cli) Y xpuery k)
=1 k=1
U(E) m

= 2, 2 cli)xn iy (k)
=1 j=1
W(E)
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That is N
> alk) < Y a*(k), (6.48)

On the other hand, employing inequality (6.48) we obtain

b(k)

2 a(k)b(k) =

keN

L=
2

w

M* M
7

k€

~.
1
z

I
Ms

<.
I
-
~
m
]

IN
Ms

Zb*

()X e (R)B" (k)

<.
Il
R

IN
M
Ms

~
Il
KR

<
Il

I
DM
IS
*
—
>~
N
S
*

(k).

T
[N

Hence -
S a(k)b(k) < 3 a*(k)b* (k)
which ends the proof. a

We now show a Holder type inequality for Lorentz sequence spaces.

Theorem 6.37. Let a = {a(k)} € {(,,) and b= {b(k)} € {(,, where 1 +1 =
then

Ex

a(k)b(k)| < llalli, 151, - (6.49)

~
Il

Proof. By virtue of Theorem 6.36 and by Holder’s inequality we have

2. |a(k)b(k)

keN

n
M

a*(k)b* (k)

~
Il

Il
M s

a*(k)k

»
I
L
£
\
~1
Sy
*
—
=~
=
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IN
N
Nk

from which (6.49) follows. O

6.9 Problems

6.38. Let 1 denote the Lebesgue measure on the o-algebra % of Borel set of [0, 1]
and put f(x) = x and g(x) = 1 —x for x € [0,1]. Express [ f||, ) and[gl|,, for
p €[0,1], g € [1,0) in terms of the gamma function.

Hint. First express these numbers in terms of the Beta function.

6.39. Suppose that u denotes the Lebesgue measure on the o-algebra % of Borel
subset of R and for each a > 0 put f,(x) = e " and g,(x) = e~ forx € R.

(a) Calculate || fu|| ;) fora>0and p,q € [1,].
(b) Calculate [|gal| ) fora>0and p,q € [1,].

6.40. On R", let 6°(f)(x) = f(ex), € > 0, be the dilation operator. Show that
H‘ss(f)H(p,q) = gin/prH(pvq)-

6.41. Show that
supt' P £ () < || -
>0

6.42. Let (X, .o/, 1) be a measure space, let p and g be two extended real numbers
in [I,0], and let p’ and ¢’ their conjugate exponents. If f € L, ,(X,</,u) and
g € Ly (X, o7, 1), prove that

=3

/ £ @) dr < (1]l ngllg -

0

6.43. Let f and g be nonnegative y-measurable functions on R*. Prove that
1 [ ok %
fedu <o [ o 0g” 0
R 0

the constant 1/2 is optimal.
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6.44. Let 1 < po < oo and assume that f € L(p,)(R™) for every 1 < p < pg < .
Prove that

i £l = /]

6.45. Let 1 < py < e and assume that ¢ € L, ;)(R") for every 1 < py < p < oe.
Prove that

lim — ||<P||p1 = [l
6.46. Let f € L,(X, o/, ). Prove that

1M

Lp.e) < CHfHI’

where C is a positive constant and M stands for the Hardy-Littlewood maximal
operator (9.2).

6.47. Let f € L (X, </, ). Prove that

1o f | <Clflh

(sta-)
where C is a positive constant and /* stands for the Riesz potential operator (11.9).

6.48. We say that i € Q), a>0,if

log® L(

()]
————————dx < oo,
/10g°‘(e+ [h(x)])
Q
Show that & € 1; =571(0,1/e)] if and only if &+ > 1, where

1

h(x) = ——= eR.
(X) x|10gx‘ﬁ? ﬁ

6.10 Notes and Bibliographic References

The Lorentz spaces were introduced in Lorentz [44, 45]. It seems that the first ex-
pository paper on the topic is Hunt [34].

The duality problem regarding Lorentz spaces was investigated in Cwikel [10],
Cwikel and Fefferman [11, 12]

The space L; + L., was studied in Gould [21] and Luxemburg and Zaanen [47].

The spaces Lexp and LlogL were introduced independently by Zygmund [85]
and Titchmarsh [78, 79].
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